Introduction {#Sec1}
============

In previous publications we reported the discovery of several potentially kinetically stable new isomers of C~14~H~12~ and C~12~H~10~N~2~ derived from *cis*-stilbene (1) \[[@CR1]\] and *cis*-azobenzene (2) \[[@CR2]\] (see Fig. [1](#Fig1){ref-type="fig"}), respectively. They were obtained using enforced geometry optimization (EGO), in which pairs of carbon atoms, one from each of the two phenyl rings, were pushed together along the line joining the two atomic centers, by means of an applied external force \[[@CR3]\]. This force is added to the normal gradient vector computed at that geometry at each cycle of a geometry optimization and typically results in bond formation between the atoms involved. All atoms in the system adjust their relative positions so as to counter the external force and the final result of the optimization is usually a new structure, albeit one that is highly strained. Whether the new structure is stable, i.e., represents a local minimum on the potential energy surface, can be determined by carefully reoptimizing with the external force removed. If the new structure is stable, it will relax but remain substantially intact; if not it usually reverts back to the starting structure. Fig. 1Schematic showing structure and atom labeling of *cis*-stilbene (**1**) and *cis*-azobenzene (**2**)

All the kinetically stable isomers found in our earlier work were obtained by forcing together only a single pair of carbon atoms and all lay energetically no higher than 90 kcal mol^-1^ from the starting material for the stilbene isomers, and under 30 kcal mol^-1^ in the case of *cis*-azobenzene. In this communication we report the discovery of some interesting high-energy symmetric "fused sandwich" isomers of both stilbene and azobenzene obtained by forcing together multiple pairs of carbon atoms (in this case all six) from each of the two phenyl rings.

Results and discussion {#Sec2}
======================

The standard methodology used in this work is density functional theory (DFT) \[[@CR4], [@CR5]\] using the B3LYP hybrid exchange-correlation functional \[[@CR6], [@CR7]\] with the 6-31G\* basis set \[[@CR8]\]. All calculations were carried out using the *PQS* program package incorporating the *PQSMol* graphical user interface for post-job visualization and display \[[@CR9]\]. All stationary points found at B3LYP/6-31G\* were reoptimized at MP2/6-311G\*\* to ensure that the energetics remained stable.

The new isomers, which we call C~14~H~12~-C~s~, C~14~H~12~-C~2v~, C~12~H~10~N~2~-C~s~ and C~12~H~10~N~2~-C~2v~ are shown in Fig. [2](#Fig2){ref-type="fig"}. They were all obtained by pushing together all symmetry equivalent pairs of carbon atoms from the two phenyl rings in *cis*-stilbene and *cis*-azobenzene, respectively. As denoted by the names, the new isomers have either C~s~ or C~2v~ symmetry. The optimization history for this procedure starting from *cis*-stilbene using an applied force of 0.1 au is depicted in Scheme [1](#Sch1){ref-type="fig"}, below. Fig. 2High energy isomers of C~14~H~12~ and C~12~H~10~N~2~ obtained via an enforced geometry optimization by pushing together all symmetry related pairs of carbon atoms in the phenyl rings of *cis*-stilbene and *cis*-azobenzene, respectivelyScheme 1EGO optimization history

As can be seen, the energy initially rises to a maximum, then falls and then starts to oscillate. The calculation did not in fact converge, but simply stopped after reaching the maximum allowed number of optimization cycles. Apparently there is simply too much internal strain in the system for it to settle down. If the geometry corresponding to the highest energy oscillation is taken and allowed to relax (i.e., is reoptimized after removing the external force) then the C~2v~ minimum results; if the lower energy structure is relaxed then the result is the C~s~ minimum. The situation is similar for *cis*-azobenzene.

As shown in Fig. [2](#Fig2){ref-type="fig"} the new isomers are symmetrical "fused sandwich" compounds in which the former phenyl rings lay one on top of the other (or side-by-side depending on one's point of view). In the C~2v~ isomers, every carbon atom in each of the phenyl rings forms a bond to its equivalent atom in the other ring. In the C~s~ isomers, two of the carbon atoms in each phenyl ring open out and are not bonded to the two equivalent atoms in the other ring. If -- as is the case in Fig. [2](#Fig2){ref-type="fig"} -- the former ethylene fragment in *cis*-stilbene and the N=N double bond in azobenzene are oriented so they are at the top of each isomer, then in the C~s~ isomer the carbon atom at the apex of the former phenyl ring at the bottom is not bonded, together with one of the two carbon atoms connected to the apex carbon. In fact, there are two symmetry-equivalent C~s~ structures depending on which of the two carbon atoms either side of the apex atom are bonded with a C~2v~ transition state connecting the two equivalent C~s~ isomers.

We have located C~1~ structures which appear to be transition states for decomposition of the C~s~ and C~2v~ isomers, respectively, back to either *cis*-stilbene or *cis*-azobenzene. These are depicted in Fig. [3](#Fig3){ref-type="fig"}, together with arrows showing the motion of the atoms in the imaginary vibrational mode. Fig. 3Transition states for decomposition of the new C~s~ and C~2v~ isomers of C~14~H~12~ and C~12~H~10~N~2~, respectively, together with arrows showing the motion of the atoms in the imaginary vibrational mode

Selected B3LYP/6-31G\* geometrical parameters (primarily the inter-ring C-C distances) in all stationary points (four minima and six transition states) are shown in Table [1](#Tab1){ref-type="table"} and relative energies of all species at both B3LYP/6-31G\* and MP2/6-311G\*\* are given in Table [2](#Tab2){ref-type="table"}. All energies are relative to either *cis*-stilbene or *cis*-azobenzene as appropriate. The atom labeling used in Table [1](#Tab1){ref-type="table"} is shown in Fig. [1](#Fig1){ref-type="fig"}. External forces were applied between each pair of primed and unprimed carbon atoms labeled 1 through 6. In the C~2v~ minima a new bond was formed between all primed and unprimed carbon atoms; in the C~s~ minima bonds were formed between primed and unprimed carbon atoms 1, 2, 6 and either 3 or 5 (leading to the two symmetry-related C~s~ isomers). The labeling in *cis*-azobenzene is the same, except that N replaces C7. Table 1Selected B3LYP/6-31G\* distances (Å) in the new isomers of C~14~H~12~ and C~12~H~10~N~2~ and their transition states**C7=C7′C1-C1′C2-C2′C3-C3′C4-C4′C5-C5′C6-C6′**C~14~H~12~-C~s~1.3511.5431.5761.6013.0002.9861.622C~2v~ TS1.3501.5531.5682.2622.9622.2621.568C~1~ TS1.3551.9611.5561.5952.8992.9991.963C~14~H~12~-C~2v~1.3491.5571.5851.5591.5681.5591.585C~1~ TS1.3532.0461.5691.5611.5671.5651.703**N=NC1-C1′C2-C2′C3-C3′C4-C4′C5-C5′C6-C6′**C~12~H~10~N~2~-C~s~1.2791.4981.5861.6023.0022.9931.633C~2v~ TS1.2791.5051.5772.2662.9642.2661.577C~1~ TS1.3302.0081.5541.6022.9592.9881.767C~12~H~10~N~2~-C~2v~1.2781.5111.5971.5591.5681.5591.597C~1~ TS1.3282.0071.5641.5631.5681.5671.628Table 2Energies of the new isomers of C~14~H~12~ and C~12~H~10~N~2~ and their transition states relative to *cis*-stilbene and *cis*-azobenzene, respectively**StructureB3LYP**^**a**^\
**6-31G\*MP2**^**a**^\
**6-311G\*\*StructureB3LYP**^**b**^\
**6-31G\*MP2**^**b**^\
**6-311G\*\***C~14~H~12~-C~s~125.1104.8C~12~H~10~N~2~-C~s~117.399.3C~2v~ TS151.9127.3C~2v~ TS144.3122.0C~1~ TS163.8138.1C~1~ TS146.2120.2C~14~H~12~-C~2v~170.4150.9C~12~H~10~N~2~-C~2v~161.1143.6C~1~ TS205.7181.7C~1~ TS190.2166.1^a^ kcal mol^-1^ relative to *cis*-stilbene; ^b^ kcal mol^-1^ relative to *cis*-azobenzene

Both structurally (Table [1](#Tab1){ref-type="table"}; Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}) and energetically (Table [2](#Tab2){ref-type="table"}) the new C~14~H~12~ and C~12~H~10~N~2~ isomers and their transition states are similar to one another. In particular both the C~s~ and C~2v~ minima appear to be kinetically stable, with barriers to decomposition (B3LYP/6-31G\* with MP2/6-311G\*\* values in parentheses) of 38.7 (33.3) kcal mol^-1^ for C~14~H~12~-C~s~, 24.0 (30.8) kcal mol^-1^ for C~14~H~12~-C~2v~, 28.9 (20.9) kcal mol^-1^ for C~12~H~10~N~2~-C~s~ and 29.1 (22.5) kcal mol^-1^ for C~12~H~10~N~2~-C~2v~. The barrier heights for the C~s~-C~s~ rearrangement are 26.8 (22.5) kcal mol^-1^ for C~14~H~12~-C~s~ and 27.0 (22.7) kcal mol^-1^ for C~12~H~10~N~2~-C~s~. All quoted values are well-to-well and exclude zero-point effects. As was the case with the other recently reported C~14~H~12~ and C~12~H~10~N~2~ isomers \[[@CR1], [@CR2]\], nearly all structures are predicted to be more stable thermodynamically but less stable kinetically at the MP2 level than with B3LYP.

The simulated IR and Raman spectra for the four new "fused sandwich" isomers reported here, together with those for *cis*- and *trans*-stilbene and ditto azobenzene, are shown in Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}, [7](#Fig7){ref-type="fig"}. These were obtained directly from the computed B3LYP/6-31G\* force constant (Hessian) matrix, scaled using the five standard precomputed scaled quantum mechanical (SQM) scale factors \[[@CR10]\] shown in Table [3](#Tab3){ref-type="table"}, and visualized using the *PQSMol* graphical user interface available with *PQS* \[[@CR9]\]. All spectra have been partially standardized to aid comparison. Fig. 4Simulated SQM-scaled B3LYP/6-31G\* IR spectra of C~14~H~12~-C~s~, C~14~H~12~-C~2v~, and *cis*- and *trans*-stilbeneFig. 5Simulated SQM-scaled B3LYP/6-31G\* IR spectra of C~12~H~10~N~2~-C~s~, C~12~H~10~N~2~-C~2v~ and *cis*- and *trans*-azobenzeneFig. 6Simulated SQM-scaled B3LYP/6-31G\* Raman spectra of C~14~H~12~-C~s~, C~14~H~12~-C~2v~ and *cis*- and *trans*-stilbeneFig. 7Simulated SQM-scaled B3LYP/6-31G\* Raman spectra of C~12~H~10~N~2~-C~s~, C~12~H~10~N~2~-C~2v~ and *cis*- and *trans*-azobenzeneTable 3Standard B3LYP/6-31G\* SQM scale factors relevant to C~14~H~12~ and C~12~H~10~N~2~**TypeScale factor**StretchrCC, rCN, rNN0.9207StretchrCH0.9164Bend∠CCC, ∠CCN, ∠CNN1.0144Bend∠CCH0.9431Torsionall0.9523

Both the IR and Raman spectra of the four new isomers are dominated by intense bands in the C-H stretching region. These are predicted to be so intense relative to any of the other bands (by a factor of more than 5 in the IR and 20 in the Raman) that the intensity scale has been reduced in order to show detail in the fingerprint region.

For the Raman spectra in particular, although the new high-energy isomers have richer spectra with more bands than the parent compounds (stilbene and azobenzene), the bands in the latter are far more intense (note the intensity scales in Figs. [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"}); this, combined with their likely far greater concentration in any mixture containing the new isomers -- unless they can somehow be isolated -- suggests than Raman spectroscopy is unlikely to be a viable method for detecting the proposed new species. The same holds, albeit to a lesser extent, for IR spectroscopy.

A potentially more useful approach as far as detection is concerned may be NMR. Table [4](#Tab4){ref-type="table"} gives the (absolute) B3LYP/6-31G\* ^13^C and ^1^H chemical shifts computed for *cis*- and *trans*-stilbene, C~14~H~12~-C~s~ and C~14~H~12~-C~2v~, and Table [5](#Tab5){ref-type="table"} reports the same for the corresponding azo compounds. As can be seen there are substantial shifts upfield (averaging about 90 ppm) on all phenyl carbon nuclei in the C~2v~ isomer and on two thirds of them in the C~s~ isomer. (Basically every carbon atom involved in bond formation is shifted upfield.) The carbon atoms in the formal ethylenic C=C double bond shift downfield compared to *cis*-stilbene by about 15 ppm. The situation in the azo compounds is similar with again any phenyl carbon atom forming a new bond shifted upfield by around 90 ppm and the ^15^N signal shifting downfield relative to *cis*-azobenzene by about 70 ppm. Table 4Predicted B3LYP/6-31G\* ^13^C and ^1^H NMR chemical shifts (absolute) in the various C~14~H~12~ isomers reported in this work***trans***-**stilbene*cis***-**stilbeneC**~**14**~**H**~**12**~-**C**~**s**~**C**~**14**~**H**~**12**~-**C**~**2v**~^13^C Atom C160.059.0149.9149.3 C273.568.6145.4151.9 C368.068.863.6154.8 C469.269.365.0155.6 C567.868.0151.4154.8 C665.266.1151.3151.9 C768.164.751.250.0^1^H Atom^a^ H224.624.629.329.3 H325.025.226.029.1 H425.125.226.229.4 H525.025.029.229.1 H625.225.229.429.3 H725.425.925.625.5^a^ H atoms numbered according to the carbon atom they are attached toTable 5Predicted B3LYP/6-31G\* ^13^C, ^15^N and ^1^H NMR chemical shifts (absolute) in the various C~12~H~10~N~2~ isomers reported in this work***trans***-**azo*cis***-**azoC**~**12**~**H**~**10**~**N**~**2**~-**C**~**s**~**C**~**12**~**H**~**10**~**N**~**2**~-**C**~**2v**~^13^C/^15^N Atom C145.043.3116.3114.2 C282.081.5143.9149.0 C368.068.964.8154.0 C465.169.664.6155.6 C567.666.9151.6154.0 C661.668.6148.1149.0 N7-261.9-302.3-370.6-373.9^1^H Atom^a^ H224.326.228.928.9 H324.925.326.029.0 H424.925.226.129.3 H524.724.729.129.0 H624.224.629.028.9^a^ H atoms numbered according to the carbon atom they are attached to

The effect of bond formation can also be seen in the proton chemical shifts, with any hydrogen attached to a bonding phenyl carbon shifting upfield by around 4 ppm. The fact that these shifts are substantial and are uncontaminated in this region of the NMR spectrum by any signals from the parent compounds should be a tremendous aid to detection. However, care needs to be taken as other lower energy stilbene and (presumably) azobenzene isomers, formed theoretically by applying external forces to single pairs of phenyl carbon atoms \[[@CR1], [@CR2]\], also have similar such shifts (albeit not so many).

Conclusions {#Sec3}
===========

In this work we have reported on the discovery of two structurally very interesting, new high energy but potentially kinetically stable, symmetrical "fused sandwich" isomers of both *cis*-stilbene and the related *cis*-azobenzene. We have presented simulated IR and Raman vibrational spectra of all four of the new isomers and indicated how they can be distinguished from the parent compounds, *cis*-stilbene and *cis*-azobenzene, by NMR spectroscopy.

Neither of the authors are experimental chemists and so we cannot suggest any practical method to make these compounds, but once again the theoretical approach utilized here, enforced geometry optimization \[[@CR2], [@CR3]\], has demonstrated that it is a very useful and powerful tool for discovering potentially new chemical structures.
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